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1. INTRODUCTION {#jcmm15407-sec-0003}
===============

Atrial fibrillation (AF), the most common arrhythmia, is associated with increased morbidity and mortality.[^1^](#jcmm15407-bib-0001){ref-type="ref"} Epicardial adipose tissue (EAT) is an active endocrine and paracrine organ which is in direct contact with the atria and shares a common blood supply with the myocardium. The important role of EAT in AF genesis and perpetuation has been investigated.[^2^](#jcmm15407-bib-0002){ref-type="ref"}, [^3^](#jcmm15407-bib-0003){ref-type="ref"} EAT may lead to AF via atrial structural and electrical remodelling via various mechanisms.[^4^](#jcmm15407-bib-0004){ref-type="ref"} EAT infiltration alters the atrial electrophysiological properties, while various adipokines secreted by EAT influence AF pathogenesis. In the disease state, such as AF, the EAT secretome profile is remodelled. This is characterized by a decrease in the release of homeostatic protective factors and an increase in the release of pathological adipokines.[^4^](#jcmm15407-bib-0004){ref-type="ref"}, [^5^](#jcmm15407-bib-0005){ref-type="ref"} These activities promote atrial inflammation and lead to structural and electrical remodelling.[^6^](#jcmm15407-bib-0006){ref-type="ref"}, [^7^](#jcmm15407-bib-0007){ref-type="ref"} Although inflammation is a known contributor to AF, it is difficult to elucidate the anti‐inflammatory effects of AF therapy. EAT, as a transducer of inflammation, may be a strong candidate for anti‐inflammatory therapeutic intervention.[^8^](#jcmm15407-bib-0008){ref-type="ref"}

Metformin (MET) exhibits anti‐inflammatory[^9^](#jcmm15407-bib-0009){ref-type="ref"}, [^10^](#jcmm15407-bib-0010){ref-type="ref"}, [^11^](#jcmm15407-bib-0011){ref-type="ref"} and anti‐oxidative stress[^12^](#jcmm15407-bib-0012){ref-type="ref"} properties, which are greatly involved in the complex and multifactorial pathogenesis of AF. MET also influences EAT accumulation,[^13^](#jcmm15407-bib-0013){ref-type="ref"} adipogenesis and adipocyte function, including the production and release of adipokines.[^14^](#jcmm15407-bib-0014){ref-type="ref"}, [^15^](#jcmm15407-bib-0015){ref-type="ref"} MET is associated with a decreased risk of AF in patients with type 2 diabetes.[^12^](#jcmm15407-bib-0012){ref-type="ref"} Whether MET offers the same protection in metabolically normal patients and the underlying mechanisms remain unclear.

We hypothesized that MET decreases the incidence of AF by reversing AF‐dependent EAT remodelling. The aims of this study were as follows: (a) to determine the impact of AF on EAT remodelling and the role of AF‐dependent EAT remodelling in atrial fibrosis and AF maintenance; (b) to evaluate whether MET reverses AF‐dependent EAT remodelling.

2. METHODS {#jcmm15407-sec-0004}
==========

2.1. Animal preparation {#jcmm15407-sec-0005}
-----------------------

This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee governing the Ethics of Animal Experiments of the Wuhan University. Dogs were anesthetized with 3% sodium pentobarbital and ventilated with a positive‐pressure respirator (MAO01746; Harvard Apparatus). The initial dose of sodium pentobarbital was 1 mL/kg and an additional 2 ml/h was administered. All efforts were made to minimize suffering.

2.2. Group setting {#jcmm15407-sec-0006}
------------------

Eighteen male beagle dogs (weight, 8‐10 kg) were supplied by the Center of Experimental Animals at the Medical College of Wuhan University. Animals\' age and bodyweight before after interventions are presented in Table [S1](#jcmm15407-sup-0001){ref-type="supplementary-material"}. Dogs were randomly divided into three groups: (a) sham‐operated (normal diet without rapid atrial pacing (RAP), n = 6), (b) RAP (RAP without MET, n = 6) and (c) RAP + MET (RAP with MET). Consistent with previous reports,[^16^](#jcmm15407-bib-0016){ref-type="ref"} the daily oral administration of MET (100 mg/kg; Squibb Pharmaceutical) was initiated 1 week prior to surgery and continued throughout the study period.

2.3. Canine model of atrial fibrillation {#jcmm15407-sec-0007}
----------------------------------------

AF was induced in canine using long‐term RAP.[^17^](#jcmm15407-bib-0017){ref-type="ref"} In brief, a programmable pacemaker (AOO, Harbin University of Science and Technology) was implanted and used for continuous atria pacing at 400 bpm for 6 weeks to induce AF. The success of this procedure was confirmed by electrocardiography. Sham‐operated dogs were implanted with a same instrument, but without pacemaker activation.

2.4. Atrial electrophysiological study {#jcmm15407-sec-0008}
--------------------------------------

Standard ECG limb leads were recorded at the baseline before pacemaker implantation and after 6‐week RAP. Left and right‐sided thoracotomies were performed at the fourth intercostal space. Multielectrode catheters were secured to allow pacing and recorded from the left and right atrial appendage (LAA and RAA) and left and right atria (LA and RA). The electrophysiological parameters, including effective refractory period (ERP), ERP dispersion, window of vulnerability (WOV) and AF duration, were measured as previously described.[^18^](#jcmm15407-bib-0018){ref-type="ref"} Programmed stimulation of the atrial myocardium was performed using a computer‐based Lab System (Lead 7000; Jinjiang, China). ERP was determined by programmed pacing with 8 consecutive stimuli (S1‐S1 = 300 ms) followed by a premature stimulus (S1‐S2), which was progressively decreased until refractoriness was achieved. Pacing was performed at 2 × threshold (TH). ERP dispersion was calculated offline as the coefficient of variation (standard deviation/mean) of ERP at all recording sites.[^19^](#jcmm15407-bib-0019){ref-type="ref"} The difference between longest and shortest S1‐S2 interval where AF was induced at each bipolar pair was defined as the WOV, which serves as a quantitative measure of AF inducibility.[^19^](#jcmm15407-bib-0019){ref-type="ref"} Cumulative WOV was the sum of WOVs from all sites in each dog. AF was defined as an irregular atrial rate faster than 500 beats/min associated with irregular atrioventricular conduction lasting \>5 seconds.[^20^](#jcmm15407-bib-0020){ref-type="ref"} To determine AF vulnerability, 10 consecutive bursts of rapid atrial pacing (cycle length 60 ms) at 4 sites for 2 seconds were implemented at 30 seconds intervals. AF duration induced by burst pacing from all episodes in each dog was analysed. AF inducibility was defined as the rate of first irregular rhythm lasting \>5 seconds after cessation of burst pacing. The electrophysiological study was performed by operators blinded to the treatment group.

After 6 weeks, electrophysiological parameters were remeasured, anaesthetized animals were killed and hearts were removed. Left atrial posterior wall and adjacent EAT samples were collected and immersed in 4% paraformaldehyde or snap‐frozen at −80°C for further analysis. Fasting blood samples were collected at the baseline and before measuring electrophysiological parameters and stored at −80°C for further analysis.

2.5. Cell culture {#jcmm15407-sec-0009}
-----------------

Murine atrial myocytes, HL‐1, were provided by Dr Li (Central South University) with the permission of Dr Claycomb (Louisiana State University Health Sciences Center). Cells were cultured with Claycomb Medium supplemented with 10% foetal bovine serum (FBS), 100 U/mL penicillin/streptomycin, 0.1 mmol/L norepinephrine and 2 mmol/L L‐glutamine. Mouse 3T3‐L1 pre‐adipocytes (Amerrican Type Culture Collection −173^TM^) were cultured and maintained in Dulbecco\'s modified Eagle\'s medium (Gibco) with 25 mmol/L glucose, supplemented with 10% FBS and 100 U/mL penicillin‐streptomycin. HL‐1 and 3T3‐L1 were incubated in a humidified atmosphere with 5% CO~2~ at 37°C.

To initiate adipocyte differentiation, we used a previously described protocol.[^21^](#jcmm15407-bib-0021){ref-type="ref"} In brief, confluent pre‐adipocytes were differentiated for 48 hours in complete medium supplemented with 1 μmol/L dexamethasone (Sigma), 0.5 mmol/L isobutylmethylxanthine (Sigma), and 10 μg/mL insulin (Procell). The medium was then replaced with complete medium and insulin for 48 hours. Four days after confluence, media were replaced with complete medium and changed every 2 days until day 9, when cells acquired the morphology and typical features of mature adipocytes.

2.6. In vitro treatments {#jcmm15407-sec-0010}
------------------------

To detect the inhibitory effect of MET on adipocytes inflammation, plated 3T3‐L1 mature adipocytes were incubated with or without 4 mmol/L MET, the physiological dose,[^22^](#jcmm15407-bib-0022){ref-type="ref"} for 12 hours and then exposed to 1 µg/mL lipopolysaccharide (LPS; Sigma) for 24 hours to stimulate inflammatory response. In brief, 3T3‐L1 mature adipocytes were exposed to four conditions: negative control medium, LPS at 1 µg/mL, MET at 4 mmol/L + LPS at 1 µg/mL, and MET at 4 mmol/L. All experiments were conducted in the absence of FBS and antibiotics.

To detect the effect of MET on the interactions between HL‐1 cells and 3T3‐L1 mature adipocytes, HL‐1 cells were indirectly co‐cultured with 3T3‐L1 via an exchange medium. As previously described, 3T3‐L1 mature adipocytes were incubated with 1 µg/mL LPS for 24 hours with or without pre‐treatment with 4 mmol/L MET for 12 hours. The adipocytes were then washed with phosphate‐buffered saline (PBS) and cultured in fresh FBS‐free medium for another 24 hours. The conditioned medium (CM) of 3T3L1 (Control CM, LPS CM, LPS + MET CM, MET CM) was collected from the four groups after centrifugation (300 rcf, 5 mins). When the plated HL‐1 confluence was 70‐80%, 200 µL of each CM was added to the HL‐1 medium for 48 hours.

LPS and MET treatment affected the concentration of adiponectin (APN) in 3T3‐L1 CM. To validate the role of APN in modulating the interaction between HL‐1 and 3T3‐L1, APN (1 µg/ml) (Sino Biological) was added to the HL‐1 medium when treated with 3T3L1 LPS CM for 48 hours. A schematic diagram of the in vitro experiments is shown in Figure [S1](#jcmm15407-sup-0001){ref-type="supplementary-material"}.

After the indicated experiments, the supernatants of intracellular proteins were collected with their appropriate reagent and stored at − 80°C for subsequent assays.

2.7. Conditioned medium neutralization and immunoprecipitation {#jcmm15407-sec-0011}
--------------------------------------------------------------

3T3‐L1 LPS + MET conditioned medium was neutralized by an adiponectin antibody (Abcam, ab3455). Initially, 2 μg of APN antibody was added to 1 mL of CM and agitated at 35‐50 rpm at 37°C for 1 hour. Then, a 20 μL of resuspended Protein A/G PLUS‐Agarose (sc‐2003; Santa Cruz Biotechnology) was added to the CM. Next, the mixture was incubated and rotated at 4°C overnight. The supernatant (the neutralized CM) was collected by centrifugation (300 rcf, 5 minutes) and used to treat HL‐1 cells.

To assess the potency of the antibody neutralization, the beads were washed with PBS and collected by centrifugation. After washing, the samples were dissolved in a 5 × sodium dodecylsulphate sample buffer by boiling. The immunoprecipitate and supernatants were then separated by sodium dodecyl sulphate‐polyacrylamide gel electrophoresis and immunoblotted using APN antibody.

2.8. Histological study {#jcmm15407-sec-0012}
-----------------------

LA and EAT samples were fixed in 4% paraformaldehyde, embedded in paraffin and sliced into 5‑μm‐thick sections. Adipocyte size was examined by calculating its Feret\'s diameter from haematoxylin and eosin (H&E)‐stained sections.[^23^](#jcmm15407-bib-0023){ref-type="ref"} The extent of interstitial fibrosis of the LA was estimated from Masson‐stained sections and expressed as the percentage of the total area occupied by blue‐stained interstitial tissue. For each section, 5 optical fields were examined using Image‐Pro 6.2 software, and the average value was calculated. Referring to previous reports,[24](#jcmm15407-bib-0024){ref-type="ref"} adipose infiltration of the atrium by the overlying EAT was graded on a scale of 0 to 3 based on severity: 0, no infiltration; 1, infiltration to outer third of atrial muscle layer; 2, infiltration up to middle third of atrial wall; and 3, infiltration up to middle or inner third of atrial wall.

2.9. Reactive oxygen species (ROS)detection {#jcmm15407-sec-0013}
-------------------------------------------

ROS content in the LA and EAT tissue was detected by staining the frozen slices of fresh tissue with dihydroethidium (DHE; Beyotime, Shanghai, China) following the manufacturer\'s instructions. In brief, all sections were stained by DHE (2 µmol/L, 45 minutes, 37°C) in the dark, briefly washed and analysed with a fluorescence microscope. The generation of red fluorescence was used to measure ROS content. For each section, DHE fluorescence was quantified by the mean fluorescence intensity of 5 optical fields using Image‐Pro 6.2 software.

2.10. Enzyme immunoassay for cytokines {#jcmm15407-sec-0014}
--------------------------------------

Quantitative detection of interleukin‐6 (IL‐6), tumour necrosis factor‐α (TNF‐α), transforming growth factor‐β1 (TGF‐β1), adiponectin (APN) plasma concentration, LA myocardium and EAT were performed using a canine‐specific enzyme‐linked immunosorbent assay (ELISA) kit following the manufacturer\'s protocol (Youersheng, Wuhan, China). In brief, 100 mg of tissue from the LA or EAT was minced and homogenized in 1 mL RIPA lysis buffer (Beyotime). The resulting suspension was sonicated with an ultrasonic cell disrupter to obtain a clear solution. The homogenates were centrifuged for 5 minutes at 10 000 ×g. Supernatants were collected and either assayed immediately or aliquoted and stored at ≤ −20°C.

HL‐1 and 3T3‐L1 cell medium supernatants were collected after centrifugation. APN and TNF‐α concentrations were detected using mouse‐specific ELISA kits according to the manufacturer\'s protocol.

2.11. Cytosolic Ca^2+^ measurement {#jcmm15407-sec-0015}
----------------------------------

To detect the effect of 3T3 L1 CM on HL‐1 cytosolic Ca^2+^ homeostasis, cytosolic Ca^2+^ was measured with Fluo‐4 AM (Beyotime, Shanghai, China) according to the manufacturer\'s instructions. In brief, HL‐1 cells in a 6‐well plate were treated with 3T3L1 CM for 48 hours and then washed with PBS and incubated with 1 μmol/L Fluo‐4 AM for 30 minutes in PBS at room temperature (24°C). They were washed three times with PBS and incubated for an additional 15 minutes in the absence of Fluo‐4AM. The fluorescence intensity was determined at an excitation wavelength of 485 nm and an emission wavelength of 525 nm with a fluorescence microplate reader (Biotek Synergy H4). Representative pictures were taken with a fluorescence microscope.

2.12. Biochemical detection {#jcmm15407-sec-0016}
---------------------------

Free fatty acid (FFA) and triglyceride (TG) levels in EAT were measured by biochemical kits (Jiancheng) with the kit instructions.

2.13. Western blot analyses and real‐time quantitative PCR {#jcmm15407-sec-0017}
----------------------------------------------------------

Western blot and qPCR were conducted following standard procedures as described in the Online Supplement. The primer sequences used for real‐time PCR are listed in Table [S2](#jcmm15407-sup-0001){ref-type="supplementary-material"}.

2.14. Statistical analysis {#jcmm15407-sec-0018}
--------------------------

Statistical analyses were performed using R‐3.4.3 ([https://www.r‐project.org/](https://www.r-project.org/)). All values are expressed as mean ± SD. Statistically significant differences between means were assessed by ANOVA and Tukey\'s honestly significant difference test for comparisons between two groups. *P* \< .05 was considered statistically significant.

3. RESULTS {#jcmm15407-sec-0019}
==========

3.1. Electrophysiological testing and AF induction {#jcmm15407-sec-0020}
--------------------------------------------------

ERPs at the LA, RA, LAA and RAA are shown in Figure [1A](#jcmm15407-fig-0001){ref-type="fig"}. Except in the sham‐operated group, ERPs at all recording sites significantly decreased after 6 ‐week RAP and MET attenuated the decrease in ERPs. The mean ERPs at the LA site in the sham‐operated, RAP and RAP + MET groups were 119.33 ± 7.11, 86.83 ± 6.17 and 104.00 ± 3.03 ms, respectively (*P* \< .05).

![Metformin attenuated RAP‐induced atrial remodelling. A, Changes in mean ERPs in the left atrium (LA), right atrium (RA), left atrial appendage (LAA) and right atrial appendage (RAA). B, Changes in ERP dispersion, (C) cumulative window of vulnerability, (D) mean AF duration and (E) AF inducibility ratio in the sham‐operated group, RAP group, and RAP + MET group (n = 6 animals/group). ^\*^ *P* \< .05 compared with the sham‐operated group; ^\#^ *P* \< .05 compared with the RAP group. ERP = effective refractory period; ∑WOV = cumulative window of vulnerability](JCMM-24-7751-g001){#jcmm15407-fig-0001}

ERP dispersion in the RAP group was significantly higher than that in the sham‐operated group (0.09 ± 0.03 vs 0.06 ± 0.01, *P* = .01); MET, however, reversed the increased dispersion (0.09 ± 0.03 to 0.03 ± 0.01, *P* \< .01) (Figure [1B](#jcmm15407-fig-0001){ref-type="fig"}).

Quantitative analysis revealed that 6‐week RAP resulted in an increased AF duration (mean AF duration at all recording sites) following burst pacing compared to that in the sham‐operated group (13.06 ± 5.40 vs 2.22 ± 0.59 s, *P* \< .01). MET significantly attenuated the increase in AF duration (13.06 ± 5.4 s to 6.82 ± 2.64s, *P* \< .01); however, AF duration in the RAP + MET group remained higher than that in the sham‐operated group (*P* = .03) (Figure [1D](#jcmm15407-fig-0001){ref-type="fig"}). AF inducibility in the RAP group was significantly higher than that in the sham‐operated group (84.16% vs 10.00%, *P* \< .01); However, MET reduced AF inducibility from 84.16% to 63.75% (*P* = .02) (Figure [1E](#jcmm15407-fig-0001){ref-type="fig"}). In addition, after 6‐week RAP, there was a significant increase in ∑WOV (sum of WOVs at each recording site) compared to sham‐operated group (201.7 ± 51.5 vs 46.7 ± 15.1 ms, *P* \< .01), which was attenuated by MET WOV (201.7 ± 51.5 to 101.7 ± 31.9 ms, *P* \< .001) (Figure [1C](#jcmm15407-fig-0001){ref-type="fig"}). These data imply that MET could attenuate RAP‐induced atrial electric remodelling.

3.2. Effect of metformin on atrial and EAT structure remodelling {#jcmm15407-sec-0021}
----------------------------------------------------------------

Masson staining revealed an increase in interstitial fibrosis in the LA after 6‐week RAP compared to that in the sham‐operated group (10.9% ± 0.5% vs. 3% ± 0.6%, *P* \< .01). MET significantly reduced atrial fibrosis (10.9% ± 0.5% to 4.4% ± 0.8%, *P* \< .01) (Figure [2A,C](#jcmm15407-fig-0002){ref-type="fig"}).

![Metformin attenuated RAP‐induced atrial fibrosis and epicardial fat deposition. A, B, Representative Masson staining of the left atrium (LA) and HE staining of the epicardial adipose tissue (EAT) in the sham‐operated group, RAP group and RAP + MET group, 6 weeks after pacemaker implantation (n = 6 animals/group, 200 × magnification, scale bar = 100 μm). C, Percentage area of fibrosis in the LA. D, Mean adipocyte Feret\'s diameter in the EAT. E, Epicardial adipose tissue infiltration score in the sham‐operated group, RAP group and RAP + MET group. F, G, FFA and TG concentrations in the EAT, 6 weeks after pacemaker implantation (n = 6 for each group). ^\*^ *P* \< .05 compared with the sham‐operated group; ^\#^ *P* \< .05 compared with the RAP group. FFA, free fatty acid; TG, triglyceride](JCMM-24-7751-g002){#jcmm15407-fig-0002}

In the sham‐operated group, no or mild adipose infiltration was observed, whereas in the RAP group, EAT hyperplasia resulted in abundant adipose tissue infiltration accompanied by fibrosis infiltration. MET reversed adipose‐fibrosis infiltration (mean grade: RAP 2 ± 0.67 vs sham 0.5 ± 0.54; RAP 2 ± 0.67 vs RAP + MET 0.83 ± 0.75; both *P* \< .05) (Figure [2E](#jcmm15407-fig-0002){ref-type="fig"}). Representative images of EAT from a gross specimen of canine heart and HE‐stained sections demonstrated fatty infiltration at the left posterior atrial wall (Figures [S2](#jcmm15407-sup-0001){ref-type="supplementary-material"} and [S3](#jcmm15407-sup-0001){ref-type="supplementary-material"}).

HE staining showed that adipocytes from the three EAT groups had different cell morphologies (Figure [2B,D](#jcmm15407-fig-0002){ref-type="fig"}). Adipocytes from RAP EAT had a fatter morphology and larger size than the sham‐operated group, whereas MET decreased EAT adipocyte size. The FFA and TG levels in EAT were significantly higher (*P* \< .01) in the RAP group than that in the sham‐operated group; and MET effectively decreased the FFA and TG levels in EAT (*P* = .01 and *P* = .04, respectively) (Figure [2F](#jcmm15407-fig-0002){ref-type="fig"},G).

3.3. Effect of metformin on the profiles of cytokines {#jcmm15407-sec-0022}
-----------------------------------------------------

AF is closely related to oxidative stress and inflammation, and EAT is an active endocrine organ that produces many cytokines; thus, plays an important role in inflammation of the adjacent myocardium. ROS accumulation and activation of specific redox‐sensitive signalling pathways contribute to AF progression. The ROS content in LA and EAT was significantly higher in the RAP group than that in the sham group, and MET treatment inhibited ROS generation (*P* \< .05) (Figure [3A,B](#jcmm15407-fig-0003){ref-type="fig"}). The redox‐sensitive nuclear factor kappa‐B (NF‐κB) signalling pathway was activated after RAP. Although NF‐κB expression was not significantly different among the three groups (*P* \> .05) (Figure [3C,E](#jcmm15407-fig-0003){ref-type="fig"}), the phosphorylation level of NF‐κB was significantly higher in the RAP group than in the other two groups both in the LA and EAT (*P* \< .05) (Figure [3C,D](#jcmm15407-fig-0003){ref-type="fig"}). Consistent with the alterations in ROS content, MET suppressed NF‐κB signalling activation and decreased the phosphorylation level of NF‐κB in LA and EAT (*P* \< .05) (Figure [3C,D](#jcmm15407-fig-0003){ref-type="fig"}).

![Cytokines and APN system key factors altered in response to RAP and metformin treatment. A, B, Representative DHE staining and quantitative analysis to detect ROS in the LA and in the EAT in the sham‐operated group, RAP group and RAP + MET group, 6 weeks after pacemaker implantation (n = 6 animals/group, 400 × magnification, scale bar = 50 μm). C‐E, Representative immunoblots and quantitative analysis of the relative changes in NF‐κB and pNF‐κB expression in the LA and the EAT. F‐H, TGF‐β1, IL‐6, TNF‐α, and APN concentrations in the LA and EAT in the sham‐operated group, RAP group and RAP + MET group, 6 weeks after surgery (n = 6 animals/group). I‐L, Representative immunoblots and quantitative analysis of the relative changes in PPARγ and AdipoR1 in the LA and EAT. ^\*^ *P* \< .05 compared with the sham‐operated group; ^\#^ *P* \< .05 compared with the RAP group. DHE, dihydroethidium; LA, left atrium; EAT, epicardial adipose tissue; TGF‐β1, transforming growth factor‐β1; IL‐6, interleukin‐6; TNF‐α, tumour necrosis factor‐α; APN, adiponectin](JCMM-24-7751-g003){#jcmm15407-fig-0003}

Next, we detected the concentration of inflammatory adipokines (IL‐6, TNF‐α and TGF‐β1) in the EAT, LA and plasma of each group. RAP significantly increased IL‐6, TNF‐α and TGF‐β1 concentration in EAT and LA; MET attenuated the RAP‐induced expression of IL‐6, TNF‐α and TGF‐β1 (*P* \< .05) (Figure [3F](#jcmm15407-fig-0003){ref-type="fig"},G). In contrast, RAP significantly reduced the anti‐inflammatory adipokine APN level in EAT (13 452.7 ± 1365.3 pg/mL to 9350.3 ± 2356.3 pg/mL, *P* \< .01) (Figure [3H](#jcmm15407-fig-0003){ref-type="fig"}), and MET increased APN protein level in EAT compared to that in the RAP group (16 437.8 ± 1156.9 vs 9350.3 ± 2356.3 pg/mL, *P* \< .01). No significant difference in APN level in the LA among the three groups was observed, even though MET tended to increase the APN level in the LA (*P* \> .05) (Figure [3H](#jcmm15407-fig-0003){ref-type="fig"}). At the baseline, before pacemaker implantation, IL‐6, TNF‐α, TGF‐β1 and APN plasma concentration did not significantly differ among the three groups (*P* \> .05). Compared to the plasma concentration in the sham‐operated group, after 6‐week RAP, IL‐6 plasma concentration increased and APN plasma concentration decreased (IL‐6, 43.83 ± 11.41 vs 110.25 ± 24.58 pg/mL, *P* \< .01; APN, 532.02 ± 55.39 vs 166.34 ± 51.48 pg/mL, *P* \< .01); MET reversed these changes (IL‐6 110.25 ± 24.58 vs. 80.25 ± 19.25 pg/mL, *P* \< .01; APN 166.34 ± 51.48 vs. 447.33 ± 53.67 pg/mL, *P* \< .01) (Figure [S4](#jcmm15407-sup-0001){ref-type="supplementary-material"}A,C). TNF‐α and TGF‐β1 plasma concentration showed no significant difference among the three groups after 6 weeks (Figure [S4](#jcmm15407-sup-0001){ref-type="supplementary-material"}B,D).

3.4. Effect of metformin on key factors related to APN production and function {#jcmm15407-sec-0023}
------------------------------------------------------------------------------

APN expression is highly correlated with the regulation of PPARγ, a key transcriptional factor controlling adipokine genes expression.[^25^](#jcmm15407-bib-0025){ref-type="ref"} Similar to the APN concentration in the LA (Figure [3H](#jcmm15407-fig-0003){ref-type="fig"}), PPARγ protein expression in the LA showed no difference among the three groups (*P* \> .05) (Figure [3I](#jcmm15407-fig-0003){ref-type="fig"}).There was no significant difference in PPARγ expression in the EAT between the sham‐operated and RAP groups (*P* \> .05), but MET significantly up‐regulated PPARγ protein expression (*P* \< .01) (Figure [3J](#jcmm15407-fig-0003){ref-type="fig"}), indicating increased PPARγ/APN production in EAT by MET.

AdipoR1 is one of the three receptors of APN and is the primary APN receptor isoform in skeletal/cardiac muscles. AdipoR1 protein expression was significantly reduced after 6‐week RAP in both LA and EAT (*P* \< .01). MET attenuated the RAP‐induced decrease of AdipoR1 expression in LA and EAT (*P* \< .01; Figure [3K](#jcmm15407-fig-0003){ref-type="fig"},L). In addition, mRNA levels of PPARγ and APN in EAT and AdipoR1 in the LA were significantly decreased in the RAP group and these alterations were inhibited by MET (Figure [S5](#jcmm15407-sup-0001){ref-type="supplementary-material"}A‐C). APN signalling in the LA and EAT was impaired in the RAP group because of the lower AdipoR1 expression. To detect the direct effects of MET on cardiomyocytes, HL‐1 cells were incubated with or without 4 mmol/L MET for 12 hours and exposed to 1 µg/mL LPS for 24 hours. The expression of PPARγ, APN and adipoR1 showed no significant difference among the four groups (Figure [S6](#jcmm15407-sup-0001){ref-type="supplementary-material"}A,C).

Based on these results, the biological functions of APN, including the anti‐inflammatory and cardioprotective effects, were limited by RAP, while MET enhanced the cardioprotective effects of APN during AF by augmenting APN production in EAT and AdipoR1 expression in EAT and LA.

3.5. Metformin suppressed the dysregulation of adipokines secretion in LPS‐ stimulated 3T3‐L1 adipocytes {#jcmm15407-sec-0024}
--------------------------------------------------------------------------------------------------------

The effects of MET on APN production, its anti‐inflammation potential and the interaction between atrial muscle and EAT were observed in vivo. We evaluated the protective effect of MET against LPS‐stimulated 3T3‐L1 adipocytes inflammation in vitro. After treating 3T3‐L1 adipocytes with LPS, the APN and TNF‐α concentrations in supernatants were detected by ELISA.

Compared to the concentration in the control group, APN concentration in 3T3‐L1 supernatants decreased and TNF‐α concentration increased in the LPS group (*P* \< .05; Figure [4A,B](#jcmm15407-fig-0004){ref-type="fig"}). MET significantly increased APN concentration in the LPS + MET and MET groups compared to that in the control and LPS groups (*P* \< .05) (Figure [4A](#jcmm15407-fig-0004){ref-type="fig"}). TNF‐α concentration in the LPS + MET group was lower than that in the LPS group but higher than that in the control group (*P* \< .05) (Figure [4B](#jcmm15407-fig-0004){ref-type="fig"}).

![Metformin suppressed LPS‐stimulated inflammation in 3T3‐L1 adipocytes and supernatant‐mediated inflammation in HL‐1 cardiomyocytes. A‐D, APN and TNF‐α concentrations in HL‐1 and 3T3‐L1 supernatants after the indicated experiments. All experiments have been repeated 5 times (n = 5). E‐H, Representative immunoblots and quantitative analysis of the relative changes in intracellular inflammatory factors expression in 3T3‐L1 adipocytes and HL‐1 myocytes. All experiments have been repeated 5 times (n = 5). ^\*^ *P* \< .05 compared with the normal group; ^\#^ *P* \< .05 compared with the control group or 3T3‐L1 Con CM group, ^\$^ *P* \< .05 compared with the LPS group or 3T3‐L1 LPS CM group, ^&^ *P* \< .05 compared with the LPS + MET group or 3T3‐L1 LPS + MET CM group](JCMM-24-7751-g004){#jcmm15407-fig-0004}

Western blotting was used to evaluate intracellular protein expression. As shown in Figure [4E](#jcmm15407-fig-0004){ref-type="fig"}, the level of phospho‐NF‐κB p65 (Ser536) and expression of IL‐6, TNF‐α and TGF‐β1 were significantly increased in the LPS group while PPARγ/APN expression were decreased, compared to those in the control group (*P* \< .05) (Figure [4E](#jcmm15407-fig-0004){ref-type="fig"},G). Pre‐treatment with MET reversed the LPS‐stimulated inflammation response and significantly up‐regulated PPARγ/APN expression (*P* \< .05) (Figure [4E](#jcmm15407-fig-0004){ref-type="fig"},G). As shown in Figure [S6](#jcmm15407-sup-0001){ref-type="supplementary-material"}B,D, to test the effects of MET treatment initiation after LPS stimulation, 3T3‐L1 cells were exposed to 1 μg/mL LPS for 6 hours prior to MET treatment for 24 hours. MET reversed the LPS‐stimulated up‐regulation of IL‐6, TNF‐α and TGF‐β1 and significantly up‐regulated PPARγ/APN expression. The anti‐inflammatory effect of MET was similar to that of MET treatment prior to LPS exposure. These results indicated that MET is capable of increasing PPARγ/APN expression and suppressing the LPS‐stimulated adipocyte inflammation response, which was consistent with its anti‐inflammatory effect in vivo.

3.6. Metformin attenuated the inflammatory interaction between HL‐1 cardiomyocytes and 3T3‐L1 adipocytes {#jcmm15407-sec-0025}
--------------------------------------------------------------------------------------------------------

To detect the effect of MET on the inflammatory interaction between adipocytes and cardiomyocytes, HL‐1 was indirectly co‐cultured with 3T3‐L1 as described in method part. The intracellular and supernatant cytokine levels of HL‐1 cells were determined after 48 hours of 3T3 L1 CM treatment. APN concentration in HL‐1 supernatants significantly decreased, and TNF‐α concentration increased under LPS CM compared to the normal and control CM groups (*P* \< .05) (Figure [4C,D](#jcmm15407-fig-0004){ref-type="fig"}). When HL‐1 cells were treated with LPS + MET CM and MET CM, the supernatant concentration of APN was higher and TNF‐α concentration was lower than those cells which were exposed to the LPS CM treatment. In addition, APN concentration was even higher, and TNF‐α concentration was even lower in the MET CM group (*P* \< .05) (Figure [4C,D](#jcmm15407-fig-0004){ref-type="fig"}).

There was no significant difference in HL‐1 intracellular PPARγ and APN expression among all treatment groups (*P* \> .05) (Figure [4F](#jcmm15407-fig-0004){ref-type="fig"},H). However, intracellular protein levels of phospho‐NF‐κB p65 (Ser536), IL‐6, TNF‐α and TGF‐β1 under LPS CM were significantly higher than those in the other treatment groups (*P* \< .05) (Figure [4F](#jcmm15407-fig-0004){ref-type="fig"},H). Inflammatory cytokine levels under LPS + MET CM were significantly lower than those in the LPS CM group, but were still higher than those in the normal medium and control CM groups (*P* \< .05). Phospho‐NF‐κB p65 (Ser536), IL‐6 and TNF‐α levels in the MET CM group were still lower than those in the Control CM group (*P* \< .05). These results demonstrated that MET increases adipocyte APN production and secretion and plays a critical role in suppressing the adipocytes and cardiomyocytes inflammatory interaction.

3.7. Effect of 3T3 L1 CM on the Ca^2+^ homeostasis in HL‐1 atrial myocytes {#jcmm15407-sec-0026}
--------------------------------------------------------------------------

Cytosolic Ca^2+^ homeostasis is critical for cardiomyocyte function. To detect the effect of adipokines on Ca^2+^ homeostasis in HL‐1 atrial myocytes, the cytosolic Ca^2+^ of HL‐1 cells were detected with Fluo‐4 AM after 3T3‐L1 CM treatment. Cytosolic Ca^2+^ content was indicated by Fluo‐4 AM fluorescence intensity. HL‐1 cells treated with LPS CM showed cytosolic Ca^2+^ overloading with the highest fluorescence intensity among the four groups (*P* \< .05) (Figure [5A,B](#jcmm15407-fig-0005){ref-type="fig"}). Compared to the normal group, there was no significant difference in fluorescence intensity under the other 3T3‐L1 CM (*P* \> .05) (Figure [5A,B](#jcmm15407-fig-0005){ref-type="fig"}).

![3T3‐L1 CM affected the Ca^2+^ homeostasis in HL‐1 atrial myocytes. A, Representative image of HL‐1 cytosolic Ca^2+^, measured with Fluo‐4 AM following 3T3‐L1 CM treatment. B, Quantitative analysis of intracellular Ca^2+^ fluorescence, using a fluorescent microplate reader. All experiments have been repeated 5 times (n = 5). C‐H, Representative immunoblots and quantitative analysis of the relative changes in HL‐1 Ca‐handling proteins after 3T3‐L1 CM treatment. All experiments have been repeated 5 times (n = 5). ^\*^ *P* \< .05 compared with the normal group; ^\#^ *P* \< .05 compared with the control group, ^\$^ *P* \< .05 compared with the LPS group, ^&^ *P* \< .05 compared with the LPS + MET group](JCMM-24-7751-g005){#jcmm15407-fig-0005}

We then detected part of the expression of the Ca^2+^ handlings that were responsible for regulating the Ca^2+^ homeostasis in HL‐1 cells. The sodium‐calcium exchanger (NCX) is mainly responsible for Ca^2+^ extruding from the cell to prevent overloading of intracellular stores. Phospholamban （PLN） is an inhibitory protein that controls the reuptake of Ca^2+^ into the sarcoplasmic reticulum(SR) by the sarcoplasmic reticulum Ca^2+^‐ATPase2a (SERCA2a). Phosphorylation of PLN dissociates the molecule from SERCA and stimulates the reuptake of Ca^2+^ into the SR. As shown in Figure [5C](#jcmm15407-fig-0005){ref-type="fig"}, there was no significant difference in the protein expression of NCX and PLN among the five groups (Figure [5C,E](#jcmm15407-fig-0005){ref-type="fig"},F) (*P* \> .05), while the phosphorylation level of PLN and SERCA2a expression were significantly decreased under LPS CM (*P* \< .05, respectively) (Figure [5C,D](#jcmm15407-fig-0005){ref-type="fig"},G). In addition, SERCA2a expression under LPS + MET CM and MET CM treatments was significantly up‐regulated compared to that in the LPS CM groups (*P* \< .05, respectively) (Figure [5C,D](#jcmm15407-fig-0005){ref-type="fig"}). These data indicated that excess cytosolic Ca^2+^ in HL‐1 induced by LPS CM may result from reduced reuptake of cytosolic Ca^2+^ into the SR. The 3T3‐L1 released factors may play an important role in regulating Ca^2+^ handling protein expression and Ca^2+^ homeostasis in HL‐1 atrial myocytes.

3.8. Effect of APN on the inflammatory response and the Ca^2+^ homeostasis in HL‐1 atrial myocytes {#jcmm15407-sec-0027}
--------------------------------------------------------------------------------------------------

The APN concentration in 3T3‐L1 LPS CM was lower than that in LPS + MET CM and MET CM. LPS CM treatment increased the inflammatory cytokine expression in HL‐1 cells and disturbed Ca^2+^ homeostasis. To determine whether the decrease in APN contributed to atrial myocyte inflammatory response and calcium dyshomeostasis, APN (1 µg/mL) was added when HL‐1 was treated with 3T3‐L1 LPS CM. As shown in Figure [6](#jcmm15407-fig-0006){ref-type="fig"}, the effect of APN treatment was similar to that of LPS + MET CM treatment. In term of Ca^2+^ handling, APN reversed the decrease in PLN phosphorylation and SERCA2a down‐regulation induced by LPS CM (Figure [6A,C](#jcmm15407-fig-0006){ref-type="fig"}) (*P* \< .05, respectively). In term of inflammatory cytokine expression, APN attenuated LPS CM treatment induced IL‐6, TNF‐α, and TGF‐β1 up‐regulation (Figure [6B,D](#jcmm15407-fig-0006){ref-type="fig"}) (*P* \< .05, respectively).

![APN treatment reduced the expression of inflammatory factors and improved the function of sarcoplasmic reticulum Ca^2+^ handling. A, C, Representative immunoblots and quantitative analysis of the relative changes in Ca^2+^ handling protein expression in HL‐1 after 3T3‐L1 CM and APN treatment. All experiments have been repeated 5 times (n = 5). B, D, Representative immunoblots and quantitative analysis of inflammatory factors and APN expression in HL‐1 cells after 3T3‐L1 CM and APN treatment. All experiments have been repeated 5 times (n = 5). ^\*^ *P* \< .05 compared with the normal group; ^\#^ *P* \< .05 compared with the 3T3‐L1 Con CM group, ^\$^ *P* \< .05 compared with the 3T3‐L1 LPS CM group](JCMM-24-7751-g006){#jcmm15407-fig-0006}

In addition, the effects of APN in 3T3‐L1 CM were demonstrated by neutralizing the condition medium with an anti‐adiponectin antibody. As Figure [7A‐D](#jcmm15407-fig-0007){ref-type="fig"} shows, the effects of LPS + MET CM on Ca^2+^ handling and inflammatory cytokine expression were reversed when the LPS + MET CM was pre‐treated with adiponectin antibody. These results indicated that APN plays a key role in anti‐inflammatory response and the maintenance of Ca^2+^ homeostasis.

![Pre‐neutralizing APN blocked its effect on inflammatory response and Ca^2+^ homeostasis. A, C, Representative immunoblots and quantitative analysis of the relative changes in Ca‐handling protein expression in HL‐1 cells after treatment with 3T3‐L1 CM or 3T3‐L1 LPS + MET CM, which was pre‐neutralized using an adiponectin antibody. All experiments have been repeated 3 times (n = 3). B, D, Representative immunoblots and quantitative analysis of the relative changes in inflammatory factors and APN in HL‐1 cells after treatment with 3T3‐L1 CM or 3T3‐L1 LPS + MET CM, which was pre‐neutralized using an adiponectin antibody. ^\*^ *P* \< .05 compared with the normal group; ^\#^ *P* \< .05 compared with the 3T3‐L1 Con CM group, ^\$^ *P* \< .05 compared with the 3T3‐L1 LPS CM group, ^&^ *P* \< .05 compared with the 3T3‐L1 LPS + MET CM group. E, Metformin reversed atrial fibrillation‐induced epicardial adipose tissue (EAT) remodelling, which in turn contributed to AF progression. Atrial fibrillation led to epicardial adipose tissue remodelling and promoted atrial inflammation and fibrosis. Metformin suppressed the ROS/NF‐κB signalling pathway and reduced EAT inflammatory cytokine secretion. In addition, MET activated the PPARγ/APN signalling pathway, further attenuated adjacent myocardial inflammation and fibrosis to interrupt the vicious circle of 'AF begets AF'](JCMM-24-7751-g007){#jcmm15407-fig-0007}

4. DISCUSSION {#jcmm15407-sec-0028}
=============

4.1. Main findings {#jcmm15407-sec-0029}
------------------

First, as shown in Figure [7E](#jcmm15407-fig-0007){ref-type="fig"}, we demonstrated the closely related interactions between EAT remodelling and atrial remodelling in response to RAP. Second, we demonstrated that MET reduced AF vulnerability and atrial fibrosis. Third, we demonstrated that MET inhibited ROS/NF‐κB activation, reduced pro‐inflammatory adipokines (IL‐6, TNF‐α and TGF‐β1) expression in the LA and EAT and up‐regulated PPARγ/APN expression in EAT.

4.2. Crosstalk between EAT and myocardium during AF {#jcmm15407-sec-0030}
---------------------------------------------------

A complex crosstalk exists between EAT and the neighbouring atrial myocardium during AF.[^8^](#jcmm15407-bib-0008){ref-type="ref"}, [^26^](#jcmm15407-bib-0026){ref-type="ref"} Chilukoti et al indicated that AF and rapid pacing induce the expression of several genes that can up‐regulate adipose tissue accumulation.[^5^](#jcmm15407-bib-0005){ref-type="ref"} In an AF sheep model, total atrial and left atrial adipose tissue volume increases significantly after 16‐week AF induction.[^27^](#jcmm15407-bib-0027){ref-type="ref"} These intriguing findings point to the role of AF and rapid pacing in promoting adipocyte differentiation and atrial adipogenesis, and regulating adipose tissue accumulation.[^2^](#jcmm15407-bib-0002){ref-type="ref"}, [^5^](#jcmm15407-bib-0005){ref-type="ref"}

Factors derived from EAT play a central role in the development and progression of cardiovascular diseases. Under healthy conditions, APN, omentin‐1 and apelin act on cardiomyocytes in a positive manner, sustaining their regular contractions.[^28^](#jcmm15407-bib-0028){ref-type="ref"} An increased APN level decreases atrial fibrosis and protects against AF development.[^29^](#jcmm15407-bib-0029){ref-type="ref"}, [^30^](#jcmm15407-bib-0030){ref-type="ref"} Pathologically, EAT may mediate deleterious effects on the myocardium.[^7^](#jcmm15407-bib-0007){ref-type="ref"} Adipokines freely diffuse into the adjacent myocardium and may result in fibrotic changes in the atrial myocardium.[^7^](#jcmm15407-bib-0007){ref-type="ref"}, [^31^](#jcmm15407-bib-0031){ref-type="ref"} Pro‐inflammatory cytokines, such as IL‐6 and TNF‐α, are considered key mediators of inflammation‐related atrial fibrillation.[^30^](#jcmm15407-bib-0030){ref-type="ref"}, [^32^](#jcmm15407-bib-0032){ref-type="ref"}, [^33^](#jcmm15407-bib-0033){ref-type="ref"} Fibrotic lesions can also impede electric propagation and slow conduction, increasing AF vulnerability and sustainability.[^33^](#jcmm15407-bib-0033){ref-type="ref"}, [^34^](#jcmm15407-bib-0034){ref-type="ref"} With increasing adiposity, pro‐inflammatory adipokines expression of adipose tissue increase while that of anti‐inflammatory adipokines decrease.[^35^](#jcmm15407-bib-0035){ref-type="ref"}

4.3. Effect of metformin on adipokines profile and EAT remoulding {#jcmm15407-sec-0031}
-----------------------------------------------------------------

RAP induces excess EAT accumulation, which is manifested by a greater EAT adipocyte size and higher FFA and TG concentration in EAT in vivo. Consequently, excess EAT accumulation results in a higher production of inflammatory cytokines and adipokines.[^36^](#jcmm15407-bib-0036){ref-type="ref"}, [^37^](#jcmm15407-bib-0037){ref-type="ref"} Infiltration of macrophages and myofibroblasts in EAT are observed in patients with AF, and pro‐inflammatory and pro‐fibrotic cytokines/chemokines in EAT were positively correlated with LA fibrotic remodelling.[^38^](#jcmm15407-bib-0038){ref-type="ref"}

Although MET is widely used as a hypoglycaemic drug, various studies have demonstrated its cardioprotective properties independent of its antihyperglycaemic effect.[^39^](#jcmm15407-bib-0039){ref-type="ref"} Previous studies have shown that MET not only reduces the quantity of epicardial fat,[^13^](#jcmm15407-bib-0013){ref-type="ref"} but also significantly reduces the deleterious adipokines secretion and increases APN secretion.[^40^](#jcmm15407-bib-0040){ref-type="ref"}, [^41^](#jcmm15407-bib-0041){ref-type="ref"} APN, an important adipokine with anti‐inflammation and anti‐oxidation properties,[^42^](#jcmm15407-bib-0042){ref-type="ref"}, [^43^](#jcmm15407-bib-0043){ref-type="ref"} could potentially improve atrial remodelling. Assar et al showed that hypoadiponectinaemia in obese patients leads to a higher incidence of post‐operation AF.[^44^](#jcmm15407-bib-0044){ref-type="ref"} Kourliouros et al found that post‐operation AF is associated with a significant reduction in epicardial APN.[^45^](#jcmm15407-bib-0045){ref-type="ref"} In the present study, MET decreased the concentration of pro‐inflammatory adipokines (IL‐6, TNF‐α and TGF‐β1) and increased anti‐inflammatory adipokine (APN) in EAT.

Many complex molecular pathways may be involved in MET attenuated EAT remodelling. RAP increased ROS accumulation and activated NF‐κB signalling in LA and EPA. ROS accumulated in EAT may be transferred from the adjacent myocardium and excess EAT itself increased ROS production. MET repressed ROS/NF‐κB signalling in LA and EAT and attenuated RAP‐induced up‐regulated expression of IL‐6, TNF‐α and TGF‐β1. The anti‐inflammatory potential of MET may be partly due to its modulation of macrophage differentiation and polarization,[^9^](#jcmm15407-bib-0009){ref-type="ref"} which requires further investigation with our model. Conversely, MET also significantly up‐regulated adipocyte PPARγ/APN protein expression in vitro and in vivo, and increased AdipoR1 expression in EAT and LA. A previous study demonstrated that MET treatment results in the up‐regulation of PPARγ expression by modulating the enzyme 12‐lipoxygenase that synthesizes the PPARγ ligand. MET also activated AMP‐activated protein kinase (AMPK) which subsequently up‐regulates PPARγ.[^46^](#jcmm15407-bib-0046){ref-type="ref"} PPARγ exerts anti‐inflammatory effects by antagonizing NF‐κB activation and reduces ROS production,[^47^](#jcmm15407-bib-0047){ref-type="ref"} which may partly contribute to the cardioprotective effect of MET. Additionally, MET has the potential to enhance APN production in adipose tissue, and its receptor expression in muscle and adipose tissues.[^15^](#jcmm15407-bib-0015){ref-type="ref"}, [^48^](#jcmm15407-bib-0048){ref-type="ref"}, [^49^](#jcmm15407-bib-0049){ref-type="ref"} A previous study reported that APN exhibits a dose dependent induction of adipoR1 in vitro.[^50^](#jcmm15407-bib-0050){ref-type="ref"} Consistent with our results, APN was reported to negatively regulate inflammatory response.[^51^](#jcmm15407-bib-0051){ref-type="ref"}, [^52^](#jcmm15407-bib-0052){ref-type="ref"}

APN may have an impact on cytosolic Ca^2+^ homeostasis. 3T3‐L1 LPS CM with a low APN concentration induced SERCA2a and p‐PLN (the key proteins responsible for Ca^2+^ reuptake by SR) down‐regulation and inflammatory cytokine up‐regulation in HL‐1 cells. However, 3T3‐L1 LPS + MET CM with a high APN concentration or APN treatment reversed these alterations. A previous study demonstrated that APN decreases the expression of inflammation response genes and increases the expression of SERCA2a in H9C2 cells.[^53^](#jcmm15407-bib-0053){ref-type="ref"} Komei et al observed that chronic APN overexpression improves SERCA2a dysfunction by promoting phosphorylation of PLN in heart failure.[^54^](#jcmm15407-bib-0054){ref-type="ref"} SERCA2a expression and SR Ca^2+^ reuptake decrease during AF.[^55^](#jcmm15407-bib-0055){ref-type="ref"} APN may be able to reverse this change. The in‐depth understanding of the regulation of cytosolic Ca^2+^ homeostasis by APN may provide valuable information to treat AF.

MET may regulate the interaction between EAT and the atrial myocardium through regulating APN production. Interestingly, MET seems to exert minute effects on PPARγ/APN expression in cardiomyocytes. PPARγ in the adipose tissue may, therefore, respond better to MET in the myocardium because of tissue specificity. Therefore, we inferred that the cardioprotective effects of APN mainly arise from the adipose tissue and not from the myocardium. MET not only exhibits an anti‐inflammatory effect by inhibiting ROS/NF‐κB signalling during AF, but also via the APN system.

4.4. Metformin reduces atrial electric remodelling and AF inducibility {#jcmm15407-sec-0032}
----------------------------------------------------------------------

Atrial remodelling is critical for the pathogenesis of atrial fibrillation.[^56^](#jcmm15407-bib-0056){ref-type="ref"} MET not only reversed RAP‐induced EAT and atrial pro‐inflammatory remodelling, but reversed ERP decrease and AF inducibility. Interstitial fibrosis and adipose infiltration can reduce electrical coupling between cardiomyocytes and impede the electrical conduction of cardiomyocytes. Besides fibrosis, the anti‐arrhythmic effect of MET may alter ionic channels and pump properties. MET is associated with a decrease in corrected QT interval.[^57^](#jcmm15407-bib-0057){ref-type="ref"} It restores the electrophysiology of small conductance calcium‐activated potassium channels in the atrium of Goto Kakizaki diabetic rats, supporting a potential beneficial effect on atrial electrophysiology.[^58^](#jcmm15407-bib-0058){ref-type="ref"} The effect of MET on ion channels of myocardial cells and arrhythmia lack large‐scale clinical studies. The effects of MET on arrhythmia also require further observation.

In addition, MET can modulate several signalling pathways including AMP‐activated protein kinase signalling (AMPK), which has a potential role in cardiac electrophysiology and arrhythmia.[^59^](#jcmm15407-bib-0059){ref-type="ref"} As AF pathology partly contributes to the metabolic change, AMPK activation appears to mediate the metabolic change in irregularly paced myocytes,[^60^](#jcmm15407-bib-0060){ref-type="ref"} but whether MET reduces AF inducibility via AMPK activation requires further investigation.

4.5. Study limitations {#jcmm15407-sec-0033}
----------------------

This study had several limitations. Firstly, although HL‐1 cells are the most commonly used atrial cardiomyocyte cell line, HL‐1 cells represent artificial cardiomyocytes. Secondly, the effect of MET on the cellular and molecular electrophysiology of cardiomyocytes was of interest but beyond the scope of the study; thirdly, there was a lack of structural and hemodynamic data from cardiac MRI scans and the EAT volume was not measured; finally, the operation procedures may have impacted the concentration of inflammatory mediators and AF inducibility. However, as the operation procedure and operation time were similar among the three groups, our data were comparable.

5. CONCLUSION {#jcmm15407-sec-0034}
=============

RAP resulted in increased AF vulnerability and atrial remodelling, accompanied by remodelling of EAT adipokines production profiles. AF‐dependent EAT remodelling may occur, at least partially contributing to AF susceptibility. MET reduced AF vulnerability and atrial fibrosis, up‐regulated PPARγ/APN expression in EAT and down‐regulated pro‐inflammatory adipokines expression in LA and EAT. MET may be a potential therapeutic option to prevent and treat AF.
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